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ABSTRACT

Tzanetakis, 1. E., Halgren, A. B., Keller, K. E., Hokanson, S. C., Maas, J. L., McCarthy, P. L.,
and Martin, R. R. 2004. Identification and detection of a virus associated with strawberry pal-

lidosis disease. Plant Dis. 88:383-390.

The etiology of pallidosis, a disease of strawberry identified more than 45 years ago, remains
unknown. We report a putative agent of the disease, a virus belonging to the Crinivirus genus of
the Closterovirideae family. A sensitive reverse transcription—polymerase chain reaction (RT-
PCR) test has been developed. Polyclonal antibodies that can be used to detect the virus in peti-
ole tissue blots were developed using a recombinant virus coat protein. The nucleotide se-
quences of regions of the viral genome that encode the heat shock protein 70 homolog and the
major coat protein were obtained. Alignments of the major coat protein show that the virus iso-
lated from strawberry plants positive for pallidosis is most closely related to Cucumber yellows
virus (syn. Beet pseudo-yellows virus) and Cucurbit yellow stunt disorder virus, members of the

Crinivirus genus.

Pallidosis is a disease of strawberry first
reported in California and Australia in
1957 (6). Since then it has been reported in
Eastern Canada (4), Arkansas (8), and
Maryland (10). Pallidosis disease is an
unrecognized or under-recognized problem
in the strawberry industry, but there are
recent studies showing that the disease is
very widespread in the Mid-Atlantic states
(10). In greenhouse-grown plants of
‘Northwest’ strawberry, the disease re-
duces runner production and root growth
by 15 to 20% (3). However, its major im-
pact in yield loss is believed to result when
it occurs in mixed infections with other
strawberry viruses (16).

The pallidosis agent is graft-transmitted,
and high-molecular-weight dsRNA species
have been purified previously from in-
fected plants (21). Inclusion bodies similar
to those of Beet yellows virus (BYV), the
type member of the Closterovirideae fam-
ily of plant viruses, have been observed in
plants that indexed positive for pallidosis
(9). Several lines of evidence suggest that
the pallidosis disease is of viral etiology.
Pallidosis is defined as a disease caused by
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a graft transmissible agent(s) that causes
distortion, chlorosis of leaves, and dwarf-
ing of grafted Fragaria virginiana, ‘UC-
10’ or ‘UC-11" plants, while F. vesca indi-
cator plants and commercial strawberry
cultivars remain symptomless. It is impor-
tant to note that because of the latent infec-
tion in most cultivars, the detection of the
disease has only been possible by grafting
onto both F. virginiana and F. vesca indica-
tor plants (7).

We report a putative causal agent of pal-
lidosis disease, a virus in the Crinivirus
genus of the Closterovirideae family, and
tentatively designate it as Strawberry pal-
lidosis associated virus (SPaV). In addi-
tion, the complete nucleotide sequences of
the heat shock protein 70 homolog
(HSP70h) and major coat protein (CP)
genes of the virus are presented, and mo-
lecular and immunological assays devel-
oped for detection of SPaV are described.

MATERIALS AND METHODS

Plant source. Strawberry plants (Fra-
garia X ananassa) from commercial fields
in Maryland were tested at the USDA-
ARS Fruit Laboratory in Beltsville, MD,
for virus infection by grafting onto indica-
tor plants F. vesca (‘UC-4’ or ‘UC-5") and
E virginiana (‘UC-10 or ‘UC-11°) as
described previously (5). Source plants
that resulted in symptoms when grafted
onto F. virginiana plants (yellowing, dis-
tortion of leaves, cachexia) but failed to
cause any visible symptoms on F. vesca
plants were considered to have pallidosis.
Twenty-nine individual strawberry plants

from commercial fields in Maryland (M1
to M29), two from California (C1 and C2)
that indexed positive for pallidosis by
grafting at USDA-ARS, Corvallis, OR,
seven pallidosis isolates from the National
Clonal Germplasm Repository (NCGR) in
Corvallis (CFRA no. 9006, 9037, 9038,
9064, 9065, 9067, 9087), and 12 certified
virus-free plants from USDA-ARS, Cor-
vallis, were used.

Mechanical transmission. Plants be-
longing to 24 species and eight families
(Table 1) were mechanically inoculated
with a mix of leaf tissue of the seven
NCGR pallidosis isolates. Four plants of
each species were inoculated twice. The
wt/vol ratio was 1:10 to 1:20 in phosphate
buffered saline (PBS), pH 7.4, with the
addition of 2% nicotine. Carborundum
(600 mesh) was added on the leaf surface
to facilitate delivery of the pallidosis
agent(s) into the indicator plants.

Purification of virus and dsRNA. Vi-
rus was purified as described previously
(14) with the initial wt/vol ratio changed to
1:6 or 1:10 due to the viscosity of the
strawberry tissue. Double-stranded RNA

Table 1. Indicator plants used for mechanical
transmission of Strawberry pallidosis associated
virus

Plant name Family

Antirrhinum majus

Beta vulgaris
Chenopodium giganteum
Chenopodium quinoa
Cucumis sativus

Scrophulariaceae
Chenopodiaceae
Chenopodiaceae
Chenopodiaceae
Cucurbitaceae

Datura stramonium Solanaceae
Glycine max Fabaceae
Gomphrena globosa Amaranthaceae
Lathyrus odoratus Fabaceae
Lactuca sativa Asteraceae
Lycopersicon esculentum  Solanaceae
Medicago sativa Fabaceae
Nicotiana benthamiana Solanaceae
Nicotiana glutinosa Solanaceae
Nicotiana rustica Solanaceae
Nicotiana tabacum Solanaceae
(cv. Samsun NN)
Petunia x hybrida Solanaceae
Phaseolus vulgaris Fabaceae
Phlox drummondii Polemoniaceae
Pisum sativum Fabaceae
Spinacia oleracea Chenopodiaceae
Tagetes patula Asteraceae
Trifolium pratense Fabaceae
Vigna unguiculata Fabaceae
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(dsRNA) was purified as described previ-
ously (21) from 22 of the available pallido-
sis isolates in addition to four certified
virus-free strawberry cultivar plants. At
least 100 dsRNA extractions were carried
out in this study and subjected to gel elec-
trophoresis. After extraction, the dsRNA
was aliquoted and precipitated by centrifu-
gation at 16,000 x g for 30 min at room
temperature in 70% ethanol and 0.1 M
sodium acetate. The dsRNA was resus-
pended in 10 pl of Tris-borate-EDTA
(TBE), pH 8.0, and was resolved by elec-
trophoresis through a 1% agarose gel con-
taining ethidium bromide at 100 ng/ml.
Cloning and analysis. An amount of
dsRNA equivalent to that extracted from 4
g of fresh strawberry leaf tissue of Mary-
land field isolate M1 was incubated with
20 mM methyl mercuric hydroxide and
random nucleotide hexamer primers (0.5
pg) (Invitrogen, Carlsbad, CA) for 20 min
at room temperature in water. The cDNA
synthesis was performed according to the
manufacturer’s instructions using Thermo-
script reverse transcriptase (RT) (Invitro-
gen) in a final volume of 50 pl. The cDNA
was ethanol precipitated, air-dried, and
second-strand synthesis carried out as
described previously (12). The products
were then adenylated at the 3’ ends using
Taq polymerase (Invitrogen) (1 unit) added
to the second-strand synthesis reaction and
incubated for 15 min at 72°C. The cDNA
products then were purified utilizing the
rapid polymerase chain reaction (PCR)
purification system (Marligen Biosciences,
[jamsville, MD) prior to ligation. The
products were concentrated to a volume of
4 pl and cloned into the pCR2.1 TOPO
vector (Invitrogen) according to the manu-
facturer’s instructions. The recombinant
plasmids were purified, digested with
EcoRI (New England Biolabs, Beverly,
MA), and analyzed using agarose gel elec-
trophoresis. Several clones with inserts
ranging from 600 to 2,500 nucleotides
were sequenced in the Central Services

Laboratory at Oregon State University
using an ABI 377 DNA sequencer. The
BLAST databases (blastn and blastp) at the
National Center for Biotechnology Infor-
mation (NCBI, published online) were
used to compare the unknown sequences to
the GenBank’s nucleotide and protein
databases, respectively.

Three clones (SP 21, SP 37, and SP 44)
corresponding to the HSP70h gene and
two clones (SP 60 and SP 63) correspond-
ing to the CP gene of the virus were identi-
fied after using BLAST by comparison
with related sequences in the database.
Oligonucleotide primers HSP 5, HSP 3',
CP 5', and CP 3’ (Table 2) were developed,
which allowed the amplification of the
complete HSP70h (HSP 5'/HSP 3’) and CP
(CP 5'/CP 3') genes by RT-PCR. The first-
strand cDNA was prepared using reverse
transcriptase as described above from
dsRNA, and 5 pl of the RT reaction was
used as template in a 50-ul PCR reaction
that consisted of 50 mM KCl, 10 mM Tris-
HCI (pH 9.0), 0.1% Triton X-100, 2 mM
MgCl,, 0.2 mM dNTPs, 400 nM each of 5’
and 3’ primers, and 1 unit 7ag Polymerase
(Invitrogen).

The PCR program we used consisted of
a 5-min denaturation step at 94°C followed
by 40 cycles of 30 s denaturation at 94°C,
30 s annealing at 50°C, and 2.5 min exten-
sion at 72°C, followed by a final extension
time of 15 min at 72°C. For DNA sequenc-
ing purposes, we used primers SP 37, SP
44F, and CP R (Table 2). We used isolates
M1 and Cl1, a Maryland and a California
field isolate, respectively, and CFRA 9064
from the NCGR, one of the N. W. Frazier
clones in which the virus was first identi-
fied. The consensus of the sequences of
both genes was constructed after sequenc-
ing two individual PCR reactions at least
twice in both directions. However, for the
HSP70h gene of isolate CFRA 9064, a
PCR product was cloned into the pCR2.1
TOPO vector (Invitrogen), and three indi-
vidual clones were sequenced twice using

Table 2. Oligonucleotide primers used for detection by reverse transcription—polymerase chain reac-

tion, sequencing, and coat protein expression®

Primer name

Nucleotide sequence (5'-3")

Detection primers

SP 44F GTGTCCAGTTATGCTAGTC

SP 44R TAGCTGACTCATCAATAGTG
CP5' AGCTAGAACAAGGCAAGTC
CPn731 R GCCAATTGACTGACATTGAAG
SPLF TGCTAATGATGGAGACCTCG
SPL R GGTGTCTAACTTGTCGTTCC

CP modification and sequencing primers
CPexp. F

ACGCACAGTCATATGGCTGAAACAACCG

CPexp. R GAGCTACTCGAGGTTTCCCGCCAATTGA
HSP 5’ GAGTCCGCTCTCCATGTGTT

HSP AACGATCGGAATCAACTCTC

CP5' CAGCTAGAACAAGGCAAGTC

CP TGGAACAGTGAGCTTGTCAG

SP 37 AGCGTTGGGTCGGTGTTGAT

CPR CAACGGATTATTCACGCCAG

2 For primers CP exp. F and CP exp. R, underlined sequence shows the Ndel and Xhol restriction sites,

respectively, while bold indicates CP sequence.
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the primers mentioned above as well as the
M13 forward and reverse primers. All
consensus sequences were assembled us-
ing the Clustal W program (European Bio-
informatics Institute, published online).

Detection by RT-PCR. RNA was ex-
tracted from 100 mg of strawberry leaf
tissue as described previously (11) and was
resuspended in 40 ul of water. Reverse
transcription was performed using Super-
script II reverse transcriptase (Invitrogen)
according to the manufacturer’s instruc-
tions using RNA as 1/10 of the volume of
the reaction and using 0.3 pg of random
nucleotide hexamers (Invitrogen). The
reaction was terminated by heating at 75°C
for 20 min followed by incubation with
one unit of RNase H (Invitrogen) for 30
min at 37°C. For PCR, we used primers SP
44F and SP 44R that amplify a 517 base
pair (bp) fragment of the HSP70h gene and
CP 5" and CP n731R (Table 2) that amplify
a 752 bp fragment containing the largest
part of the CP gene. We developed primers
SPL F and SPL R (Table 2) that amplify a
301 bp fragment of the strawberry pectate
lyase B gene, which we used as an internal
control in our PCR reactions. The program
consisted of initial denaturation for 5 min
at 94°C followed by 40 cycles with denatu-
ration for 30 s at 94°C, annealing for 30 s
at 50°C for the CP primers or 55°C for the
HSP70h primers, and extension for 1 min
at 72°C. The PCR reaction was essentially
the same as described above with the addi-
tion of acetamide to a final concentration
of 5% (1). To verify the amplification of
the viral genes, several of the PCR prod-
ucts were sequenced, and the sequences
showed greater than 99% sequence identity
to the M1 isolate.

CP expression. Primers were developed
for the cloning of the CP gene into the pET
21b expression vector (Novagen, Madison
WI). Primer CP exp. F introduces an Ndel
restriction site at the 5" end of the CP ORF,
while primer CP exp. R (Table 2) intro-
duces an Xhol site at the 3’ end of gene
just prior to the stop codon. Single-
stranded RNA extracted as described above
from leaf tissue of field isolate M1 served
as template for the RT reaction, and the
PCR protocol consisted of one cycle of 5
min at 94°C, 1 min at 37°C, and 1 min at
72°C followed by 35 cycles of 30 s at
94°C, 2 min at 72°C, followed by final
extension time of 15 min at 72°C. The
PCR product was purified utilizing the
rapid PCR purification system (Marlingen
Biosciences) according to the manufac-
turer’s instructions and incubated over-
night with 100 units of Ndel and Xhol
(New England Biolabs, Beverly, MA). The
same digestion reaction was performed
with 1 pug of pET 21b plasmid (Novagen).
The digested plasmid and PCR product
were gel purified using the RNAaid kit
(Bio 101, Carlsbad, CA) according to
manufacturer’s instructions. The ligation
was performed using T4 DNA ligase (New



England Biolabs) according to the manu-
facturer’s instructions. Transcription of the
gene was controlled by the T7 promoter,
and the recombinant protein contained six
histidine residues at the C terminus that
were used for column purification. The
final plasmid was transformed into E. coli
(Epicurian Coli BL 21-CodonPlus cell line
[Stratagene, La Jolla, CA]). A single col-
ony was selected, and the presence of the
plasmid was verified after amplification of
the insert using the PCR protocol de-
scribed above with primers M13 forward
and reverse. The construct was sequenced
three times using primers M13 forward
and reverse as well as primer CP R to con-
firm that the insert was in frame, and ex-
pression of the protein was performed
according to the manufacturer’s instruc-
tions. One hundred microliters of cell sus-
pension was sonicated and subjected to
electrophoresis through 12% sodium dode-
cyl sulfate-polyacrylamide gel (SDS-
PAGE) followed by staining with
Coomassie Brilliant Blue and Western
blotting immunoassay according to stan-
dard procedures (17), using monoclonal
anti-histidine and goat anti-mouse antibod-
ies conjugated with alkaline phosphatase
for detection according to manufacturer’s

instructions (Sigma Chemicals, St. Louis,
MO).

Following verification of the expressed
protein by detection of the six histidine
epitope in whole cell extracts, the protein
was purified using Talon Metal Affinity
Resins, utilizing the native buffer extraction
method, and the Talon CellThru columns
(both from Clontech, Palo Alto, CA). The
purified protein was subjected to SDS-
PAGE and Western blotting. A New Zealand
white rabbit was immunized by intramuscu-
lar injection with 200 ug of the recombinant
protein in Freund’s complete adjuvant fol-
lowed by a booster injection after a 2-week
period. The final bleed was performed 2
weeks after the booster injection.

Immunoassays. Immunoglobulins were
purified from the rabbit antiserum using
sodium sulfate precipitation, diluted to a
concentration of 1 mg/ml in PBS and con-
jugated with alkaline phosphatase (Sigma)
as described (2). Double antibody sand-
wich enzyme-linked immunosorbent assay
(DAS-ELISA) was carried out as described
previously (2). Leaf and petiole tissues
were tested in ELISA at dilutions of 1:10
(wt/vol) in PBS containing 0.05% Tween
20, 2% PVP-10,000, and 0.2% nonfat skim
milk powder. Positive samples included a

8 kbp

2.8
kbp

0.8
kbp

Fig. 1. DsRNA extracted from strawberry plants infected with the pallidosis agent. Lane 1: 1 kbp
DNA marker (BRL, Gaithersburg, MD); lane 2: blank; lane 3: dsRNA extracted from healthy straw-
berry plant; lane 4: dsRNA extracted from Strawberry pallidosis associated virus (SPaV)-infected
plant in March; lane 5: dsRNA extracted from SPaV-infected plant in August. Arrows show the 8.5,
2.8, and 0.9 kbp bands present in all pallidosis isolate—infected tissue regardless of time of year.

cocktail of leaf or petiole sap of the two
pallidosis isolates from the NCGR de-
scribed above. A threshold of two times the
average Ayps readings from healthy tissue
was used. Antibody coating and conjugate
concentrations ranging from 0.5 to 10
pg/ml in all combinations were used to test
the antiserum in ELISA. Each of these
tests was done twice. For tissue blots, cross
sections of petioles were blotted to 0.45-
um nitrocellulose membrane (Biorad, Her-
cules, CA) that was then washed twice
with PBS-Tween and blocked by soaking
in PBS-Tween containing 3% nonfat skim
milk powder for 1 h. After a single wash
with PBS-Tween, the membranes were
transferred to antisera solutions (1:1,000 to
1:25,000) diluted in PBS and incubated at
room temperature for 1 h. The filters were
then washed three times in PBS-Tween
and goat anti-rabbit alkaline phosphatase
conjugate (Sigma) diluted 1:2,000 in PBS
containing 2% PVP-10,000, and 0.2%
nonfat milk powder was added and the
filters incubated for 1 h at room tempera-
ture. After washing as above, the filters
were placed in buffer consisting of 0.1 M
Tris, pH 9.5, 0.1 M NaCl, and 5 mM
MgCl,, containing precipitating substrate
(NBT/BCIP, Sigma). Reactions were
stopped by transferring the filters to deion-
ized water (18).

RESULTS

Mechanical transmissions. None of the
24 indicator plant species developed visi-
ble symptoms when mechanically inocu-
lated with SPaV-infected tissue. Some
plants had symptoms that were attributed
to nicotine toxicity after testing the plants
for the presence of SPaV by RT-PCR and
inoculation of the plants with PBS without
nicotine. We also tested one plant per
treatment per species with RT-PCR for the
presence of SPaV using the HSP70h prim-
ers without being able to acquire any am-
plicons.

Purification of virus and dsRNA. The
virus purification gave low numbers of
virions. The virions were 10 to 11 nm in
diameter and ranged in length from 250 to
450 nm in length (data not shown), an
indication that they were unstable and
broke during purification. It was deter-
mined that the rods belonged to the virus
by performing RT-PCR on fractions that
contained rods in the electron microscope
and on fractions where rods were absent.
Amplicons were only generated in the
fractions that contained rods.

Twenty-two of the 38 isolates were
tested for presence of dsRNA. All 22 gave
similar band patterns, while all healthy
plant material gave either low molecular
weight (<200 bp) or no visible dsRNA
bands (Fig. 1). All isolates had three pre-
dominant bands at ~8.0, 2.8, and 0.8 kbp
(Fig. 1) with the exception of isolate M29,
which has been verified to be Beet pseudo-
yellows virus (BPYV) (19) and not SPaV
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Fig. 2. A, Amino acids alignment of the heat shock protein 70 homolog (HSP70h) of Strawberry pallidosis associated virus (SPaV, accession no. AAO
92347), Cucumber yellows virus (CuY'V, accession no. NP 821143), Cucurbit yellow stunt disorder virus (CYSDV, accession no. NP 851572), Sweet potato
chlorotic stunting virus (SPCSYV, accession no. NP 689401), Tomato chlorosis virus (ToCV, accession no. AAD 01790) and Lettuce infectious yellows virus
(accession no. NP 619695). B, Amino acids alignment of the coat protein of SPaV (accession no. AAO 92342), CuYV (accession no. NP 821146), and
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CYSDV (accession no. NP 851576). Asterisks indicate identical amino acids in aligned proteins.
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infected. Additional bands were observed
ranging in size from 4 to ~1.3 kbp, but the
intensity of these bands varied, depending
on the season.

Cloning and analysis. Preparation of
cDNA from isolate M1 using random
hexamer nucleotide primers and cloning as
described above resulted in the production
of multiple clones for analysis. BLAST
searches showed that the putative pallido-

sis virus had sequence similarity to Cu-
cumber yellows virus (CuYV), a strain of
BPYV, Cucurbit yellow stunt disorder
virus (CYSDV) (Fig. 2), Sweet potato
chlorotic stunting virus, and Lettuce infec-
tious yellows virus, the type member of the
Crinivirus genus. The search indicated that
sequences that flanked the HSP70h and the
CP genes of the virus were present in the
clones. Primers developed to these flank-

ing regions allowed the amplification by
RT-PCR of the complete HSP70h and CP
sequences of the unknown virus. The
GenBank accession numbers are AY
262158 to AY 262160 for the CP genes and
AY 262161 to AY 262163 for the HSP70h
genes of M1, CFRA 9064, and C1 isolates,
respectively.

Detection by RT-PCR. SPaV was de-
tected in 37 out of the 38 isolates of pal-

A (continued)

S5PaV EGSDLFVLNNDWLVSAEVNTSDHANVGEDLTFVYEYTIDGILELYAFNEKTGVEELLEFNT 480
Cu¥V EGSDIFTLNNDWLISANVRTSDHVNVGEDLVFIYEYNIDGILELYAFNGRTGVEKLLPFNS 47%
CYSDV EGSDPFVLNNDWLISANMOSNKYGEIGDTLOYLYKYNVDGILELVVRNKRTGKETVLPNS 478
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Fig. 2. (continued from previous page)
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lidosis used in this study, and none of the
12 healthy plants gave any pallidosis-
specific amplicons, while PCR with the
pectate lyase primers did result in 301-bp
amplicons (Fig. 3). Several additional sets
of primers specific for parts of the HSP70h
and CP genes of the SPaV genome were
tested, and all failed to amplify any regions
using ds- or ssRNA from isolate M29.
Major CP expression and immunoas-
says. Using the antibodies to SPaV, the
virus was detected in petiole tissue blots
(Fig. 4) from greenhouse material during
the late autumn, winter, and spring months
but not during the summer and early au-
tumn. The ELISA was not sensitive
enough to detect the virus at any time of
the year, probably because of the low titer
of the virus. Absorbance values in ELISA
ranged from 0.1 to 0.2 depending on con-

centration of coating and conjugated anti-
bodies with no separation between infected
and healthy tissue. The tissue blot immu-
noassay is more sensitive than the ELISA
procedure for SPaV detection in plants,
and we were able to visualize the localiza-
tion of the virus in the vascular tissue of
infected plants (Fig. 4).

Judging from the dsRNA band intensity
after gel electrophoresis (Fig. 1), the inten-
sity of the bands of PCR products from the
RT-PCR test, and the tissue blot results
(data not shown), we believe that the virus
reaches its maximum titer in late winter
under greenhouse conditions and its lowest
titer during the late summer months and
the beginning of fall. Lane 5 in Figure 1
represents the best dSRNA extraction ob-
tained in late summer; generally no dsRNA
was visible in gels at that time of the year.

Fig. 3. Reverse transcription—polymerase chain reaction (RT-PCR) detection of Strawberry pallidosis
associated virus (SPaV). Ethidium bromide stained agarose gel with RT-PCR products of heat shock
protein 70 homolog (A) and coat protein (B). Lane 1: 100 bp DNA ladder (BRL, Gaithersburg, MD);
lanes 3 to 5: SPaV isolates M1, M2, and CFRA 9037, respectively; lane 6: Isolate M29, Beet pseudo-
yellows virus infected plant; lanes 7: healthy control; lane 2 is blank. The top band in both cases is an
amplicon of the virus genome while the bottom band is an amplicon of the strawberry pectate lyase B

gene used as an internal control.
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This fact makes greenhouse detection of
SPaV extremely difficult during the sum-
mer and early fall using the tissue blot
technique.

DISCUSSION

By definition, strawberry pallidosis is a
disease caused by a graft-transmissible
agent(s) that induces visible symptoms in
F virginiana (‘UC-10" or ‘UC-11") but not
in F vesca indicators (7). It is common to
get false negatives in graft assays since
symptom development requires exact envi-
ronmental conditions (R. R. Martin, per-
sonal observation). Strawberry pallidosis
disease is common in strawberry plantings
of all ages in the Mid-Atlantic states (10),
while the disease appears to spread slowly
in eastern Canada but more rapidly in the
southern United States (7). Inclusion bod-
ies similar to those produced by BYV, the
type member of the Closterovirideae, have
been reported in strawberries infected with
pallidosis disease (9).

In the present study, we have identified
SPaV as the putative causal agent of
strawberry pallidosis. The virus belongs to
the Closterovirideae family since it en-
codes the trademark gene of closterovi-
ruses, the HSP70h gene. The alignment of
the HSP70h and CP genes of SPaV shows
multiple conserved residues with other
viruses belonging to the Crinivirus genus
(Fig. 2). The HSP70h shares over 34%
amino acid identity with all fully se-
quenced crinivirus HSP70h genes found in
the database (Fig. 2A), while the CP has
43% amino acid identity with CuYV
(BPYV) and 31% with CYSDV (Fig. 2B).
The expectation (E) value is less than &%
for the HSP70h gene and less than ¢! for
the CP genes of CuYV and CYSDV. The
two field isolates used for sequencing
analysis originated from California (C1)
and Maryland (M1), indicating some ho-
mogeneity in the virus populations since
there are minimal differences between
them, while the NCGR isolate (CFRA
9064) shows some diversity in the HSP70h
gene. Unfortunately, we cannot draw more
conclusions about the variability in the
NCGR isolate because it has been main-
tained in a strawberry clone that has been
propagated for more than 30 years, in-
creasing the potential for accumulation of
hypervariable genes (15).

A method for the detection of SPaV by
RT-PCR was developed that allowed suc-
cessful detection of the virus in 37 of the
38 isolates of strawberry pallidosis used in
this study, while in the last isolate BPYV
was present (19). Strawberry has been an
extremely difficult host for RNA extrac-
tions, and the procedure described here is
the only one that has been reliable, al-
though the yield of the ssSRNA may not be
optimal. Using RT-PCR with the detection
primers listed, a laboratory test is feasible
for a virus that was previously only de-
tected by grafting onto two different indi-



cator plants. The detection by RT-PCR will
benefit growers, since it is believed that the
virus is primarily introduced to the field
from strawberry nurseries. In a survey in
Maryland, the number of strawberry plants
with pallidosis was independent of how
long the plants had been in the field, with
infection rates approximately 70% (10).
The RT-PCR protocol was used to test 50
strawberry samples from southern Califor-
nia, and 78% of these samples tested posi-
tive for SPaV (I. E. Tzanetakis, unpub-
lished data). In California, infection may
occur in the field, since whiteflies are
common in the strawberry plants there and
whiteflies are the only known vector of
criniviruses, although contamination of the
nursery stock cannot be ruled out. It is also
likely that since SPaV is most probably
whitefly-vectored, field spread will be
more of a problem in warmer regions
where whiteflies are established in the
field than in the cooler regions where
whiteflies are less common. Testing of
nursery and field plants will be required to
determine the amount of virus in planting
stock and the rate of spread of SPaV in the
field.

Attempts to purify SPaV from straw-
berry gave very low virus yields, and
hence we expressed the recombinant CP
gene in E. coli. The expressed protein was
used to develop antibodies that allowed
detection of the virus with tissue blot im-
munoassays in the vascular tissue of the
plants as expected with viruses in the Clos-
terovirideae family (13,20). This detection
procedure is season-dependent because of
the low titer of the virus in strawberry
during summer months. Based on the tis-

sue blots and the samples used for dSRNA
analysis in this study, it appears that detec-
tion of SPaV may be season dependent, an
effect not previously reported.

The detection of SPaV by tissue blots
but not by ELISA even during optimal
times for testing suggests that the antibod-
ies produced to the expressed protein may
not recognize intact virus or that ELISA is
not as sensitive as tissue blotting for detec-
tion of this virus. Since the virus is phloem
limited, local concentration on tissue blots
at the vascular tissue may provide a con-
centration of virus high enough for detec-
tion that is not available with homogenized
tissue used in ELISA. Alternatively, the
virus particles are degraded during binding
to the membrane such that some of the
protein is conformationally similar to sub-
units and recognized by the antibodies
which were made to expressed protein
rather than intact virus. This seems a less
likely explanation, since a direct coating of
virus onto ELISA plates did not result in a
differentiation between infected and
healthy tissue samples.

The effects of the pallidosis disease,
now associated with SPaV and BPYYV, on
yield and vigor of strawberry plants is not
devastating, although it has been shown in
greenhouse studies using Fragaria x
ananassa cv. Northwest strawberry that
pallidosis reduced runnering and root mass
(3). Our future plans include study of the
effects of the disease on several other cul-
tivars of strawberry plants and of the syn-
ergistic effects when it is present in com-
plexes with aphid-borne strawberry
viruses. We hope to obtain the complete
sequence of SPaV, while studies are un-

Fig. 4. Tissue blot immunoassay of petioles from pallidosis-infected (top) and healthy strawberry
(bottom) showing intense precipitation in the vascular tissue of the infected plants (top).

derway to identify a vector of SPaV among
the whitefly species that transmit
criniviruses. Seed and/or pollen transmis-
sion of pallidosis has been suggested and
will be examined in the future.
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